The topological model of the Enterobacter cloacae outer membrane protein OmpX showed three putative glycosylation sites. When OmpX was expressed in bacteria that were cultured under aerated conditions, no glycosylation was observed. The coupling of carbohydrate chains to the ompX gene product was also investigated in the eukaryotic baculovirus expression system. For this purpose, a recombinant ompX gene-containing baculovirus was made. Infection of insect cells with this recombinant virus resulted in the production of sufficient amounts of OmpX to study glycosylation. In this system, all potential N-glycosylation sites of OmpX were utilized. Furthermore, it became clear that glycosylated OmpX was retained in the insect cells and was not secreted in the medium. Given the fact that OmpX plays a role in the invasion of E. cloacae in rabbit enterocytes, glycosylation of this protein occurring only under specific conditions may be involved in this process. ß
Introduction
Overproduction of the Enterobacter cloacae outer membrane protein OmpX (17 kDa) causes a downregulation of the expression of the major pore protein genes ompF and ompC. This results in a decreased susceptibility to a wide range of antibiotics [1] . Other studies have shown that OmpX is also involved in invasion of rabbit ileal tissue [2] , thus marking it as a virulence factor.
The topological model for OmpX (Fig. 1) predicts that the polypeptide chain traverses the outer membrane eight times. Thereby, a membrane embedded L-sheet structure is created, consisting of eight membrane spanning anti-parallel L-strands and four random-coiled loops at the bacterial surface [3] . OmpX contains three potential glycosylation sites (N-X-T/S) located in the predicted surface domains [4] . In other outer membrane proteins with a similar structural motif, at average, only one glycosylation site per 123 amino acids is found, irrespective of the topological position. Consequently, OmpX with three sites per 149 amino acids has a special position within this group of proteins.
To investigate the relevance of the glycosylation sites in OmpX, the expression and processing of the ompX gene was characterized in a bacterial system as well as in an eukaryotic one. Prokaryotic expression was studied in E. cloacae with a pA-CYC184-derived plasmid. Eukaryotic expression was studied in the baculovirus system [5] , that has been successfully used in the synthesis of several other bacterial proteins [6] .
Materials and methods

Materials
Bacteria, plasmids, viruses and insect cells used in this study are listed in Table 1 . Bacteria were grown in Luria Bertani (LB) broth [10] . Autographa californica nuclear polyhedrosis lacZ virus (AcMNPV.-lacZ) and its recombinants were grown and plaqueassayed in monolayers of Spodoptera frugiperda (Sf9) cells [5] .
DNA isolation and manipulation
Standard methods were used for isolation, puri¢-cation, identi¢cation and other manipulations of DNA [10] . The orientation of the ompX genes in relation to the polyhedrin promoter was checked by nucleotide sequencing.
OmpX synthesized in E. cloacae
Outer membrane protein preparations were isolated from E. cloacae and incubated either with or without endoglycosidase H. The samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described by Lugtenberg et al. [11] , followed by Western blotting (see below).
Preparation and subcloning of the ompX constructs
The strategy for construction of the baculovirus expression vector containing the ompX gene was described previously [12] . In short, an ompX fragment was obtained from plasmid pJS04 by PCR ampli¢-cation, resulting in ompX-4 (V700 bp). The fragment was isolated, ¢lled in to create blunt ends and ligated into the HincII site of pUC7, resulting in plasmid pCH05-4 (3.4 kb). The £anking BamHI sites were used for cloning in the single BamHI cloning site of vector pAcYM1. This site is located behind the strong polyhedrin promoter [9] . In this way, the construct pCH06-4 (10.0 kb) was generated (Table 1).
Transfection and selection of recombinant viruses
DNA used for transfections was isolated in the absence of SDS. All experimental procedures for generation of recombinant baculoviruses were according to Summers and Smith [13] . Baculovirus AcMNPV.lacZ, in which the lacZ reporter gene is under control of the polyhedrin promoter, was used to generate the recombinants. This lacZ virus enabled blue-white screening of recombinant plaques. AcMNPV.lacZ DNA (1 Wg) was linearized with Bsu36I [9] , mixed with the ompX construct (pCH06-4, 1 Wg) and the volume was adjusted to 50 Wl with distilled water. An equal volume of a 20% lipofectin (Life Technologies) solution was added to the DNA. After incubation at room temperature for 15 min in a polystyrene tube, the mixture was applied to a 3.5-cm diameter well containing a monolayer of 1.5U10 6 Sf9 cells in 1 ml of tissue culture (TC100) medium. After an 18-h incubation at 27³C, 1 ml of TC100/fetal calf serum (10% v/v) was added and incubation at 27³C was continued for 72 h.
Plaque assays were performed with undiluted, 10 31 and 10 32 dilutions of the supernatant (400 Wl). Cells were stained with Neutral red (0.05%), supplemented with 2% 5-bromo-4-chloro-3-indolyl-L-Dgalactopyranoside for convenient identi¢cation of the plaques. A number of recombinant white plaques (lacZ 3 ) were transferred onto a monolayer of Sf9 cells in a microtiter plate (2U10 4 cells per well) and incubated at 27³C for 72 h.
Screening of recombinant plaques
Screening of recombinant plaques was performed in two ways: (i) lysed virus-infected cells were applied onto a nitrocellulose membrane with a BioDot apparatus. The presence of ompX sequences was detected by hybridization with an ompX-speci¢c randomly 33 P-labelled probe followed by autoradiography and (ii) recombinant plaques were screened by a rapid PCR method: 1 Wl of a plaque was resuspended in 10 Wl TC100 and 1 Wl of this suspension was transferred to a vial containing 9 Wl distilled water. After boiling for 10 min, DNA templates were retained in the supernatant after centrifugation (12 000Ug) for 5 min at room temperature. The sense primer (5P-CATGTCTTTCAGCACTG-3P) was located in the signal peptide coding region of ompX (nucleotides 14^30) and the antisense primer (5P-AGATGCCGTAGTACTGAC-3P) was complementary to nucleotides 245^262 of the ompX gene [4] .
Typical reaction mixtures (50 Wl) contained 1 Wl template DNA, 10 mM Tris-HCl, pH 9.6, 3 WM bovine serum albumin, 50 mM NaCl, 2. 
Infections and metabolic labelling of proteins
Infection of Sf9 monolayers with recombinant virus and labelling of the proteins with [
35 S]methionine (NEN, speci¢c activity 44.5 TBq mmol 31 ) were performed according to standard procedures [12] .
Cell lysates were centrifuged at 1000Ug for 5 min, supernatants were pooled (S-fraction) and pellets resuspended in PBS (P-fraction). These fractions were analyzed on 14% discontinuous SDS-polyacrylamide gels.
Western blot analysis of proteins
Outer membrane protein preparations of E. cloacae and proteins from infected insect cell lysates were separated on polyacrylamide gels (14% w/v), transferred onto nitrocellulose membranes by electroblotting and incubated with polyclonal antisera raised against synthetic OmpX fragments in New Zealand white rabbits [3] . Horseradish peroxidase-conjugated goat anti-rabbit polyclonal serum was used as second antibody and staining was carried out with the chromogenic reagent 4-chloro-1-naphthol.
Endoglycosidase and tunicamycin assays
Crude protein preparations were treated with endoglycosidase H. Alternatively, glycosylation was blocked by addition of di¡erent concentrations tunicamycin to the infected Sf9 cells, 24 h prior to addition of the radioactive tracer. The products of both assays were analyzed on SDS-polyacrylamide gels (14% w/v).
Results
To study the glycosylation of OmpX in the bacterial system, outer membrane protein preparations of E. cloacae, cultured in LB broth, were incubated with and without endoglycosidase H and analyzed by a Western blot. These blots showed in both cases only a signal of approximately 17 kDa (data not shown), which is corresponding to the molecular mass of OmpX without conjugated carbohydrate chains.
Proteins produced by infected Sf9 cells are shown in Fig. 2 . P-fractions, enriched in membrane and nuclear compounds, of mock-infected cells showed an increasing amount of Sf9 proteins over time (lanes 1^3). The S-fractions of AcMNPV.lacZ-infected cells produced mainly L-galactosidase (lanes 4^6). This is in agreement with the fact that these fractions contain mainly cytoplasmic proteins. In AcMNPV(06-4)-infected cells, most of the radiolabel was recovered from the P-fractions and was incorporated in four pairs of double bands representing proteins with molecular masses from about 17 to 25 kDa (lanes 7^9).
Analysis of the proteins of Sf9 cells infected with recombinant viruses by Western blotting and immuno-detection with OmpX-speci¢c polyclonal antibodies showed that the AcMNPV(06-4) virus gave rise to multiple bands. The regular distance between the AcMNPV(06-4) bands suggested that they originated from glycosylation of OmpX. Treatment of the lysates of metabolically labelled AcMNPV(06-4)-infected cells with endoglycosidase H (Fig. 3) resulted in a single pair of bands at 17 kDa, whereas the untreated lysates showed two main pairs of double bands at 22 and 25 kDa. Furthermore, the proportion of fully glycosylated OmpX (25 kDa) increased with time as compared to the partially glycosylated molecules.
The e¡ect of addition of tunicamycin, an inhibitor of glycosylation, to Sf9 insect cells was examined. Fig. 4 shows an autoradiograph of the labelled proteins synthesized in Sf9 insect cells infected with AcMNPV(06-4), to which di¡erent concentrations of tunicamycin were added 24 h prior to labelling. The lowest concentration of tunicamycin (2.5 Wg ml 31 ) was su¤cient to inhibit the glycosylation of OmpX completely (lane 2). Increasing the tunicamycin concentration (lanes 3^5) reduced the total amount of OmpX produced in the insect cells. 
Discussion
Generally, glycosylation of proteins in prokaryotes was believed to occur only in archaebacteria. During the last decade, however, it was found that this phenomenon plays a role in the pathogenicity of some eubacteria [14] . E. cloacae is often found as the causative agent of opportunistic infections. The outer membrane of this microorganism contains the OmpX protein, which plays a role in the invasion of epithelial cells [2] . The topological model of OmpX (Fig. 1) shows that N-glycosylation sites are present in three out of four putative surface-exposed domains [3] . This ¢nding and the fact that OmpX plays a role in virulence prompted us to study the possible glycosylation of this bacterial surface protein.
Insect cells infected with baculoviruses containing the ompX gene (AcMNPV(06-4)) produced OmpX in which all glycosylation sites were utilized. This was demonstrated in Western blots (not shown) and in metabolic labelling assays (Figs. 2 and 3) . The appearance of four distinct bands corresponds to the coupling of none (17 kDa), one (19 kDa), two (22 kDa) and three carbohydrate chains (25 kDa) to
OmpX. The gradual increase in molecular mass re£ects the di¡erent stages in the glycosylation process. Furthermore, it appeared that glycosylated OmpX was mainly recovered from the P-fraction, suggesting that it was attached to cellular membranes. In ¢rst instance, the occurrence of the four pairs of double bands was puzzling. The inserted ompX gene, however, contained its native signal peptide coding sequence. It has been shown that eukaryotic and prokaryotic signal peptides can be inter-exchanged [15] . AcMNPV(06-4)-infected insect cells produce pre-OmpX containing the bacterial signal peptide. The pre-protein contains two potential cleavage sites for leader peptidases: one Ala-Ala at position 31,+1 and an other at position 313,312. N-terminal sequencing of the mature OmpX revealed that the 31,+1 cleavage site was exclusively used in bacteria [3] . High level production of mature OmpX in the baculovirus expression system may lead to proteolytic cleavage at the 313,312 site, resulting in OmpX#. A di¡erence of 1.3 kDa between the molecular masses of OmpX and OmpX# was deduced from the amino acid sequence and it agrees fairly well with the di¡erences measured on the autoradiograms. So, the double bands occurring in insect cells infected with AcMNPV(06-4) are probably due to improper processing of pre-OmpX.
It is generally appreciated today that carbohydrate chains can be covalently linked to bacterial proteins [14, 16, 17] . In several bacterial species, the glycosylation of surface proteins might be essential for their pathogenicity. Glycosylation of the major outer membrane protein of Chlamydia trachomatis [18] and of Neisseria meningitidis pili [19] mediates attachment to and invasion of epithelial cells. When grown under sub-optimal conditions, the Comamonas acidovorans outer membrane protein Omp21 is conjugated with a still unknown group, which has a molecular mass of about 3 kDa [20] . Omp21 is also a member of the OmpX protein family and a possible virulence factor.
The signi¢cance of the glycosylation of OmpX is still unclear. Under the in vitro conditions tested, glycosylation of OmpX was not observed in E. cloacae. Apparently, the growth conditions were not suitable to induce glycosylation in bacteria.
Nevertheless, in an eukaryotic environment, in vivo glycosylation of OmpX may play a role in the adhesion to and invasion of epithelial cells by enterobacteria. It may also provide a survival strategy for the internalized bacteria.
